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The global latitudinal gradient in biodiversity weakens in the high polar biome and so an
alternative explanation for distribution of Arctic and Antarctic photoautotrophs is required.
Here we identify how temporal, microclimate and evolutionary drivers of biogeography
are important, rather than the macroclimate features that drive plant diversity patterns
elsewhere. High polar ecosystems are biologically unique, with a more central role
for bryophytes, lichens and microbial photoautotrophs over that of vascular plants.
Constraints on vascular plants arise mainly due to stature and ontogenetic barriers.
Conversely non-vascular plant and microbial photoautotroph distribution is correlated
with favorable microclimates and the capacity for poikilohydric dormancy. Contemporary
distribution also depends on evolutionary history, with adaptive and dispersal traits as
well as legacy influencing biogeography. We highlight the relevance of these findings to
predicting future impacts on diversity of polar photoautotrophs and to the current status
of plants in Arctic and Antarctic conservation policy frameworks.
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Introduction
The polar regions exhibit a polar frost climate (Peel and Finlayson, 2007) with summer mean
temperatures near freezing. Historically, however, they were significantly warmer and plant paleo-
biogeography reflects this. Extensive rainforests occurred in both polar regions at least from the
Cretaceous until the Miocene, when significant global cooling occurred (Herman and Spicer,
2010; Cantrill and Poole, 2012). Post-glacial recolonisation then occurred from multiple refugia
that were abundant at least in the Arctic (Abbott and Brochmann, 2003). A striking feature of
contemporary polar landscapes is that high-stature vascular plants (trees and shrubs > 0.5 m
tall) are largely absent, and completely so from the Antarctic. This reflects a broader latitudinal
transition in plant composition from tree-dominated landscapes in non-arid temperate and
tropical latitudes, to a sub-polar tundra dominated by shrubs and dwarf trees, and finally
beyond the limit for shrubs to High Arctic and Antarctic regions where vascular plant life is
relatively or extremely restricted, respectively. This structural trend parallels the negative latitudinal
gradient in productivity and species richness (Gillman and Wright, 2010; Gillman et al., 2014).
Contemporary polar diversity also displays a clear dichotomy, with the Arctic supporting thousands
of extant vascular plant species (Walker et al., 2005) whereas the Antarctic has only two, and
these are restricted to the Antarctic Peninsula (Cantrill and Poole, 2012). Here we illustrate
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FIGURE 1 | Extent of contemporary Arctic and Antarctic habitats for polar photoautotrophs. Red line: Arctic/Antarctic Circle; Yellow line: 10°C summer
isotherm; Green line: treeline. Arctic treeline calculated as extent of summer mean temperature at or above 6.4°C, with the growing season defined as the sum of
days with a daily mean temperature of 0.9°C and not falling below 94 such days (blue line; Paulsen and Körner, 2014). Biodiversity data shows number of species,
and was collated from the National Snow and Ice Data Center (https://nsidc.org/cryosphere/frozenground/plants.html) and Arctic Biodiversity Assessment
(http://www.arcticbiodiversity.is/the-report/chapters/plants) (Arctic), and British Antarctic Survey (http://www.antarctica.ac.uk/about_antarctica/wildlife/plants) and
Australian Antarctic Division (http://www.antarctica.gov.au/about-antarctica/wildlife/plants) (Antarctic).
contemporary biogeographic patterns for vascular plants, non-
vascular plants and lichenised and free-living photoautotrophic
microorganisms; herein collectively referred to as plants to reflect
the importance of microbial photoautotrophy in polar regions
(Aleksandrova, 1988; Vincent, 2000; Jungblut et al., 2010). We
review their historical biogeography and present an explanation
for major transitions in contemporary communities. We identify
how microclimate and organismal traits drive this biogeography
and explain how the disparity in plant distribution between the
Arctic and Antarctic is a result of temporal and dispersal barriers.
Finally, we evaluate conservation status for polar plants within
the context of current Arctic and Antarctic treaties and policy
frameworks.
The High Polar Biome
The highest latitudes on Earth are permanently cold due to their
obliquity toward the sun as a result of the planet’s rotational
tilt. These polar regions comprise the Arctic in the north and
the Antarctic in the south, defined by circles of latitude at
approximately 66.5° that mark the limit where the Sun can
remain continually above or below the horizon throughout a
24 h period (Marsh and Kaufman, 2012). Polar regions have also
been delineated using the treeline and the 10°C summer isotherm
(UNEP, 2010). Such criteria are not static, since they vary with
the Earth’s tilt and climate, while treeline can be misleading in
that trees may be absent from otherwise favorable sites because
of local circumstances, including microclimate and disturbances
(Körner, 2012c). The terrestrial Arctic comprises approximately
11,000,000 km2 of landmass from eight nations, much of which
is contiguous with temperate landmass at lower latitudes (UNEP,
2010; Figure 1). Conversely, the terrestrial Antarctic includes
approximately 14,000,000 km2 ofmostly permanently ice-covered
landmass and is a large isolated Antarctic continent managed by
an international treaty, plus small outlying sub-Antarctic islands
governed by five sovereign nations (UNEP, 2010; Figure 1).
Polar regions support significant amounts of seasonally or
permanently ice-free land, which although relatively oligotrophic
(Hugelius et al., 2014) is colonized by photoautotrophs. TheArctic
sub-polar and polar tundra areas are seasonally ice-free, and a
Frontiers in Plant Science | www.frontiersin.org September 2015 | Volume 6 | Article 6922
Pointing et al. Biogeography of photoautotrophs in the high polar biome
FIGURE 2 | Historical biogeography of polar photoautotrophs. Historic climate and vascular plant biodiversity in the Arctic and Antarctic. Pink represents
Southern Ocean ice-free sea-surface relative temperature. Cooling in the Arctic was less severe during the Neogene than in Antarctica (Huber, 1998; Zachos et al.,
2001). Plant symbols reflect general morphology of each group and are not to scale. Pl indicates Pliocene.
small percentage of high latitude polar land is permanently ice-
free polar desert due to low precipitation and sublimative loss of
snowfall (e.g., 45,000 km2 in Antarctica, approximately 0.32% of
terrestrial surface, Moorhead et al., 1999). Arctic temperatures
generally range from  40 to 0°C in winter to  10 to 0°C in
summer, although radiative effects on exposed rocky ground can
raise temperatures as high as 30°C in some locations (NSIDC,
2014). Precipitation as rain and snow varies by an order of
magnitude across the Arctic but can be very low. For example, in
the polar desert of the Arctic Basin, mean annual precipitation
is approximately 250 mm/y (NSIDC, 2014). The Antarctic is
colder than the Arctic, and holds the record for the coldest
recorded temperature on Earth ( 93.2°C during 2013) on the
ice sheet of the central plateau (Turner et al., 2013). Areas
that experience ice-free periods are considerably warmer. For
example, the west Antarctic Peninsula experiences low positive
mean air temperatures for up to 3–4 months of the year and
precipitation of up to 500 mm/y (Turner et al., 2005). Conversely,
the McMurdo Station in East Antarctica (close to Antarctica’s
largest permanently ice-free area, the McMurdo Dry Valleys)
experiences mean temperatures of 5.5 to 0.2°C in summer and
 30.1 to  21.7°C in winter (Turner et al., 2005). Precipitation
levels in theMcMurdoDryValleys are lower than 50mmannually,
occurring entirely as snow (Turner et al., 2005).
Historical Biogeography of Polar
Photoautotrophs
Antarctica rafted over the pole during the early Cretaceous
supporting productive rainforests with trees 40m high (Cantrill
and Poole, 2012). By the mid Cretaceous deciduous taxodiaceae
forest also occurred in the Arctic up to 85°N. Angiosperms
migrated into high latitudes of both poles15My after appearing
at lower latitudes (Herman and Spicer, 2010; Cantrill and
Poole, 2012). By the Cretaceous thermal maximum, the global
temperature gradient was almost flat (0.10 vs. 0.40°C/degree
latitude today; Huber et al., 2002; Hay and Floegel, 2012) and
diverse forest dominated by angiosperms occurred at both poles
(Spicer and Herman, 2010; Cantrill and Poole, 2012; Figure 2).
Global cooling ensued during the late Cretaceous in the Arctic
and Antarctic (Moran et al., 2006) causing shifts toward cooler
temperate forests (Cantrill and Poole, 2012; Falcon-Lang et al.,
2004) that nonetheless remained productive (Williams et al., 2009;
Spicer and Herman, 2010) and free of mass extinctions across the
Cretaceous–Paleogene boundary (Herman et al., 2004; Spicer and
Herman, 2010; Cantrill and Poole, 2012).
Temperatures peaked again in the Eocene (50–52 Ma) and by
the middle-late Eocene there is evidence of diverse Nothofagus-
podocarp forest in Antarctica (Francis, 2013) and diverse
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Metasequoia forests up to 40 m tall in the Arctic (Williams
et al., 2009; Eberle and Greenwood, 2012; Harrington et al.,
2012; Figure 2). With the sharp decline in temperatures at the
Eocene-Oligocene transition, diversity fell at both poles. The
Arctic conifer–broadleaf forests with frost-sensitive taxa such as
palms were displaced by less-diverse Pinaceae-dominated forests
(Eldrett et al., 2009). InAntarctica forests were replaced by fellfield
or tundra vegetation (Truswell and Macphail, 2009), a trend that
was temporally reversed in the warm early Miocene when woody
stature returned (Cantrill and Poole, 2012).
Further cooling in the late Miocene led to cold boreal forests
replacing temperate forests in the Arctic (Pound et al., 2012;
Figure 2). In Antarctica, cooling was more severe and forests
were again replaced by fellfield. Stature and diversity in Antarctica
continued to decline until by the early Quaternary all vascular
plants were probably lost (Cantrill and Poole, 2012). Less severe
cooling in the Arctic (Ballantyne et al., 2010; Brigham-Grette
et al., 2013) led to a circum-Arctic belt of tundra replacing
forests by 3 Ma (Abbott and Brochmann, 2003). When Earth
entered the Pleistocene ice-house, glaciated Antarctica remained
isolated by the Southern Ocean, whereas extensive non-glacial
refugia are thought to have extended beyond the Arctic Circle
and continental refugia remained to the south of the ice sheets
(Abbott and Brochmann, 2003). As the climate warmed in the
Holocene, pre-existing Arctic tundra, dominated by flowering
herbs, was replaced by one with a far greater abundance of grasses
and woody vegetation (Willerslev et al., 2014), whereas only two
vascular species occur naturally in Antarctica (Cantrill and Poole,
2012), both extending to a southern limit of c. 69°S on northern
Alexander Island (Convey et al., 2011).
Contemporary Biogeography of Polar
Photoautotrophs
A major delineation for contemporary plant biogeography is the
treeline, here defined as the natural absence of trees (Figure 1).
The low temperature treeline may range substantially beyond
the Arctic Circle, reaching latitudes as far north as 72° on the
Taymyr Peninsula. Beyond the Arctic treeline, heathland occurs
composed of dwarf shrubs and graminoids such as sedges and
rushes of the Cyperaceae and Juncaceae (Daniels et al., 2013).
Small patches of these reach high latitudes, with more than 20
angiosperm species described for the northern edge of Greenland
(Bay, 1992) and 64 described for the northern edge of Canada
(Vincent et al., 2011). The Antarctic does not have a treeline,
because this vegetation boundary is located at lower latitudes than
the Antarctic Circle (Figure 1). Although continental Antarctica
is generally colder than the Arctic, this is not true for the Antarctic
Peninsula, which features comparable climatic conditions to
northern Greenland but only hosts two vascular plant species;
the Antarctic hair grass (Deschampsia Antarctica) and Antarctic
pearlwortColobanthus quitensis, (Cantrill and Poole, 2012). Based
on climatic data, however, theAntarctic should hostmore vascular
plant life than is currently present.
Beyond the latitudinal limit of angiosperms, plant life is
restricted to non-vascular cryptogams. Here the bryophytes
become a major plant cover, with the Arctic supporting hundreds
of described mosses and liverworts covering about half the
Arctic (Walker et al., 2005), whereas the Antarctic has only
approximately 100 describedmoss and liverwort species that cover
a small fraction of Antarctica’s total land area (Seppelt and Green,
1998; Figure 1). A diversity of species occur in soil and submerged
habitats in the Arctic tundra (Daniels et al., 2013), with relatively
fewer species, commonly Bryum and other genera in higher
latitude polar desert locations (Seppelt and Green, 1998; Daniels
et al., 2013). Because water is a limiting factor for productivity
such patterns are consistent with the predominantly linear
relationships found between species richness and productivity
(Gillman et al., 2015). Bryophytes may, however, be locally
abundant and form extensive moss beds even at high latitudes
where sufficient moisture occurs, for example near ephemeral
runoff streams from glacier meltwater.
The largest and most complex terrestrial biocoenoses of polar
regions are biological soil crusts (Belnap et al., 2003). These
comprise high species richness but very few (2–3) trophic levels
supported by cyanobacterial and chlorophyte photautotrophs,
plus fungi, lichens and bryophytes in different proportions
(Figure 1). A recent assessment of one Antarctic biological soil
crust revealed it supported 66 cyanobacteria, 44 algae, 42 lichens,
and 14 bryophyte species (Büdel and Colesie, 2014). Extreme
polar desert soils such as those of the McMurdo Dry Valleys of
Antarctica and the Arctic Basin support relatively less soil crust
cover, although prolific growth of cyanobacterial mat (dominated
by Nostocales and Oscillatoriales) occurs in lakes and streams
(Bonilla et al., 2005; Taton et al., 2006).
Under the most extreme conditions photoautotrophic life is
restricted to unicellular taxa (Chlorophyta and Cyanobacteria)
occurring as cryptic biofilms or in lichen symbioses on the
surface (epilithic), within (endolithic), or beneath (hypolithic)
exposed rock substrates (Cockell and Stokes, 2004; Pointing et al.,
2009). Nonetheless, the extent of this standing photosynthetic
biomass is appreciable even at the most pole-ward locations
for ice-free land (Pointing et al., 2009). These rock-inhabiting
photoautotrophs are restricted to relatively few cyanobacterial
genera e.g., Chroococcidiopsis, Leptolyngbya, Nostoc, Phormidium,
(Friedmann, 1982; De La Torre et al., 2003; Cockell and Stokes,
2004;Wood et al., 2008; Pointing et al., 2009; Yung et al., 2014) and
the chlorophyte lichen phycobiont Trebouxia (Yung et al., 2014).
Lithic colonization appears to have no latitudinal extinction limit.
Chlorophyte algae also seasonally colonize snowpack and sea ice
(Muller et al., 2001; Fujii et al., 2010).
Drivers of Biogeography for Polar
Photoautotrophs
Low temperature and water availability ultimately limit all
plant life on Earth. However, rather than the mere absence
of water or the prevalence of low temperatures, we argue that
it is the temporal dynamics of environmental conditions that
are critical for presence/absence thresholds of photoautotrophs.
There is no ice-free land on Earth with a climate that prevents
plant life permanently, i.e., with moisture-free soils or surface
temperatures consistently < 0°C (Peel and Finlayson, 2007). The
necessary cellular processes to sustain plant life (photosynthesis,
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FIGURE 3 | Relative role of microclimate and macroclimate as abiotic
drivers for polar photoautotrophs. Areas with a relatively short growing
season show from 0 to 100% plant cover (Paulsen and Körner, 2014), and
macroclimate assumes a greater role as season length increases. For
example with a season length of c. 150 days, the plant cover is mainly driven
by macroclimate. As season length decreases, an increasing proportion of the
total plant cover is driven by microclimate, such that at a season length of
70 days or less, plants exclusively rely on microclimatic effects, which are
decoupled from macroclimate.
respiration, cell growth and division) are at least during certain
periods, possible anywhere. Soils are relatively oligotrophic in
polar latitudes but are not a barrier to plant colonization or
to establishment of mycorrhizae (Oehl and Körner, 2014). We
propose that the limiting factor for plants is instead related to
their exposure to the surrounding climate, and this is illustrated
in Figure 3. Given the right microclimate, almost any area
in the Arctic could develop a 100% plant cover, regardless of
the theoretical season length. This is illustrated in Figure 3: A
season length of c. 150 days, the plant cover is mainly driven
by macroclimate. As season length decreases, an increasing
proportion of the total plant cover is driven by microclimate, such
that at a season length of 70 days or less, plants exclusively rely on
microclimatic effects, which are decoupled from macroclimate.
Here, we discuss the drivers of transitions between four major
functional groups of plants:We distinguish between trees (woody,
erect plants, including tall shrubs), herbaceous plants (low-
stature plants including prostrate shrubs), cryptogams (non-seed
multicellular plants, including bryophytes, lichens, and biological
soil crusts), and microbial photoautotrophs (chlorophyte and
cyanobacterial biofilms in soil and rock).
From Trees to Herbaceous Plants
One of the factors that has contributed to the success of
trees around the globe is their tall stature, yet this becomes
a disadvantage in polar regions (Figure 4). This is due to
stature creating an intimate coupling to air temperature.
Infrared thermography illustrates that trees cannot decouple
aerodynamically from prevailing low air temperatures as low
stature vegetation does (Körner, 2012b). Tree foliage will rarely
warm more than 5°C above air temperature (Leuzinger and
Körner, 2007). The Arctic treeline is thus a phenomenon mainly
driven by macroclimate, much like the alpine or Arctic snowline
(Körner, 2012a). For both the alpine and Arctic environments
the treeline can be described as a line where the summer mean
temperature reaches 6.4°C, with the growing season defined
as the sum of days with a daily mean temperature of 0.9°C
and not falling below 94 such days (Paulsen and Körner, 2014;
Figure 1). The predictive power of this temperature-based
delineation of the Arctic and alpine treeline is high and matches
modeling attempts that account for biological thresholds of
tissue formation (i.e., sink limitation, Leuzinger et al., 2013) as
obtained for instance for xylogenesis in trees (Lenz et al., 2013)
or leaf expansion in winter crops (Körner, 2008). Apart from
adequate air temperatures, higher stature plants require sufficient
non-frozen ground for root growth andmoisture/nutrient uptake,
and thus permafrost depth can also be a limiting factor (Körner
and Hoch, 2006). Cold temperatures never exert photosynthetic
C-fixation limitations since the theoretical lower thermal limit
for plastid-mediated photosynthesis occurs where chloroplasts
freeze at  5 to  8°C (Körner, 2003a) which is beyond the limit
for moisture availability. Cold adapted photosynthetic tissue in
vascular plants reaches 60–70% of maximum rates at 5°C and
30–40% at 0°C, when growth is 0 (Körner, 2003b).
In contrast to trees, lower stature herbaceous plants with more
shallow root systems can exploit favorable soil microclimates. For
example, at latitudes as high as 78°N in Svalbard, low stature
Arctic tundra can warm up under 24 h sunlight in summer to
temperatures above 20°C (Scherrer and Körner, 2009), which
is very similar to the temperatures encountered at lower alpine
latitudes. Thermal mapping of near-surface soils over a full
season indicates seasonal mean temperatures at 2–3 cm soil depth
where many herbaceous plants keep their apical meristems are
consistently 2–4°C above 2 m air temperature, with mosaics of
microhabitats exhibiting seasonal means as warm as 8°C above air
temperature (Scherrer and Körner, 2009; Larcher, 2012). Hence,
these low stature plants exploit a microclimate that deviates
substantially from atmospheric conditions (Figure 3). This ability
to decouple from air temperature permits low stature plant life
near the ground to reach high latitudes of up to 84°N and
elsewhere at elevations as high as 6400m in theHimalayas at 30°N
(Körner, 2011).
From Herbaceous Plants to Cryptogams
At the poles seed plants become victims of their own success,
whilst the evolution of seeds and water conducting tissue
contributes much to the competitive advantage of plants at
warmer latitudes, the cost of their production is a serious
limitation to plant life in the cold (Figure 4). The specific
challenges of seed plants arise from the complexity of their
seasonal life cycle, tissue composition and plant architecture. Here
ontogeny can be amajor limitation because for an angiosperm leaf
to develop and mature, redeem its own carbon costs and supply
roots, stems and flowers with assimilates, amortization requires
a minimum of 45 days with temperatures that permit growth
functioning (Körner, 2011). In contrast cryptogamic bryophytes
that seldom produce sporophytes in polar regions (Ochyra et al.,
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FIGURE 4 | Key biotic drivers for transition between polar photoautotrophic groups. The relative influence of life cycle, stature and poikilohydry are shown by
the extent of blue triangles (taller shading = greater influence). (i) Macroclimatic conditions largely drive the transition from trees to low stature shrubs via aerodynamic
coupling of the tall stature of trees. Whilst trees are exposed to ambient air temperature, shrubs can more easily decouple from atmospheric conditions due to their
low stature (Körner, 2012a). (ii) The transition from low stature shrubs to cryptogams is driven by via ontogeny barriers (Pannewitz et al., 2003; Green et al., 2011;
Körner, 2011). (iii) Microclimate drives the presence/absence of most higher plants through exposure (radiative heat) and wind, whilst water mostly drives the
transition from higher cryptogams (mosses) to highly poikilohydric unicellular plants (cyanobacteria, Potts, 1999). Phylogenetic age correlates well with tolerance of
extreme conditions and relative phylogenetic age is shown by the pink shading (taller shading = older lineage).
2008) and lichens probably require only between 10 and 14 days
to achieve net positive carbon balance (Pannewitz et al., 2003;
Green et al., 2011) and so can exploit shorter growth periods
(Figure 5).
There are also thermodynamic constraints for plants imposed
by macroclimate. Optimal growth temperatures recorded for
polar vascular plants may be as high as 14°C (Xiong et al.,
1999) and up to 23°C for bryophytes (Uchida et al., 2002).
Vascular plants require a minimum of 5°C for reasonable rates
of tissue growth and differentiation (Körner, 2008), although
very slow cell production may occur close to 0°C (Larcher,
2012). One explanation as to why growth of stems and foliage in
angiosperms is inhibited at such temperatures whilst cryptogams
and unicellular plants survive may be related to lignin synthesis
in xylem. This is one of the few biochemical processes that
is not enzyme driven, but relies on temperature-dependent
auto-polymerization of monomers. Another reason may be the
formation of a thick cellulose secondary cell wall in angiosperms,
compared to the relatively thin cell wall in monadic green algae or
cyanobacteria.
The secondmajor disadvantage of the otherwise highly efficient
xylem architecture of flowering plants is its inability to survive
complete desiccation. Polar environments exhibit matric (air
drying) stress that causes severe hypertonicity and eventually
desiccation in plants. The adverse cellular effects on protein
assembly, gene expression and membrane integrity require that
a mechanism to ensure controlled anhydrobiosis is achieved
without loss of viability (Billi and Potts, 2002). Bryophytes are
multicellular plants and can therefore partitionwater storage from
photosynthetic and other functions in their thallus. Under severe
xeric stress plants undergo desiccation, and this appears to be
a constitutive ability. For example bryophytes are consistently
recorded with high levels of compatible solutes in their cells
(Green et al., 2011). Non-vascular plants are poikilohydric;
they possess the essential ability to survive in a dormant state
during desiccation and then resume biological activity upon re-
wetting (Potts, 1994; Wasley et al., 2006; Kranner et al., 2008;
Charron and Quatrano, 2009). Desiccation tolerance appears
to be a plesiotypic adaptation in cryptogams in that it is
not specific to polar taxa and indicates that these phyla are
“pre-adapted” to polar colonization. Mosses are generally more
capable of tolerating prolonged desiccation than lichens, although
their re-activation may be a slower process than in lichens
(Green et al., 2011). Such traits are precluded in vascular plants
due to their relatively high degree of tissue and life cycle
specialization (Körner, 2003a). The ability to respond rapidly
enough to exploit transient conditions of moisture sufficiency and
to withstand prolonged periods of moisture deficit contributes to
the enduring success of cryptogams in the polar biome (Convey,
1996).
From Cryptogams to Microbial Photoautotrophs
In the most extreme high polar environments, a final transition
occurs from multicellular cryptogams to unicellular algae
and cyanobacteria. Even during short windows of favorable
microclimatic conditions the cyanobacteria thrive at low
temperatures (Vincent, 2000; Pointing et al., 2009; Bahl et al.,
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FIGURE 5 | Minimum favorable microclimate period for completion of
life cycle by polar photoautotrophs. Vascular plants require a minimum of
45 days with temperatures that permit growth (Körner, 2011). In contrast
cryptogamic bryophytes and lichens likely require only between 10 and
14 days to achieve net positive carbon balance (Pannewitz et al., 2003; Green
et al., 2011) and for unicellular photoautotrophs this may be 1 h or less (Potts,
1994).
2011) with virtually no minimum time required for these
physiological temperatures to be present, which allows them
to opportunistically “live by the hour” (Convey, 1996). A key
advantage for lichenised and free-living chlorophytes and
cyanobacteria is that their cytology and biochemistry permit
photoautotrophic metabolism at temperatures close to 0 (Kappen
and Friedmann, 1983; Tang and Vincent, 1999), and even the
capacity of some species to gain positive net photosynthesis
at sub-0 temperatures, for example as low as  18.5°C for the
Antarctic lichen Neuropogon acromelanus (Lange and Kappen,
2013) in the laboratory and similar values reported in the field
for Usnea sphacelata and Umbilicaria aprina (Kappen, 1989;
Schroeter et al., 1994).
The cyanobacterial response to desiccation involves secretion
of intracellular compatible solutes such as trehalose and
sucrose (Potts, 1999; Billi and Potts, 2002; Kranner et al.,
2008). Polar cyanobacteria invest considerable resources
into secretion of an extracellular polymeric substance rich
in polysaccharides and other protective substances, and this
has been implicated in desiccation and other stress tolerance
(Knowles and Castenholz, 2008). They also possess a wide
array of osmotic stress tolerance genes, as revealed by a recent
metagenomic study of Antarctic cyanobacteria (Chan et al.,
2013). Other cellular protective functions such as DNA repair
mechanisms and secretion of chaperone proteins are likely
important, as demonstrated for the extreme radiation and
desiccation tolerant bacterium Deinococcus radiodurans (Cox
and Battista, 2005). Due to their simple cellular architecture
and clonal growth, cyanobacteria are able to maximize carbon
balance during brief periods of favorable conditions due to
rapid metabolic response (Figure 5). We propose that as with
the cryptogams and some invertebrates (Convey, 1996), this
ability to “live by the hour” is the key organismal trait for
successful colonization of the arid polar biome by unicellular
photoautotrophs.
Polar lichens have been shown to allocate relatively high
amounts of fixed carbon to survival (rather than growth
and reproduction) compared to temperate lichens (Colesie
et al., 2014). Similarly mosses have a relatively high metabolic
demand relative to carbon fixation (Green and Lange, 1995).
However, they can “afford” to grow slowly as there is limited
competition for space and their poikilohydric nature allows
persistence over multi-century timescales (Green and Lange,
1995). This is undoubtedly also due in part to the need for
exposed plants to produce UV-protective compounds, which
are widespread in bryophytes, lichens, biological soil crusts
and cyanobacterial mats at hyporheic margins of lakes (Post,
1990; Vincent et al., 1993; Büdel et al., 1997; Bollard-Breen
et al., 2014). Some microbial photoautotrophs have achieved
the consummate feat of polar habitat preference by colonizing
cryptic habitats within and beneath the surface of soil or rock
(Chan et al., 2012; Pointing and Belnap, 2012; Wierzchos et al.,
2012). The internal pore spaces of soils and weathered rocks
such as sandstone and granite provide a stable environment
protecting from wind scour and UV radiation (Pointing and
Belnap, 2012). This microenvironment supports elevated
temperatures compared to surrounding air due to solar gain
from the substrate (Kappen and Friedmann, 1983; McKay
and Friedmann, 1985). A major advantage also accrues from
moisture gain due to dew/rime deposition that occurs as
a result of thermal differentials between substrate and air
(Büdel et al., 2008; Büdel and Colesie, 2014; Figure 6). This
occurs both during vaporization of permafrost during warmer
temperatures, and also due to dew/rime deposition at colder
temperatures, and this may in part determine the depth of
colonization.
What Drives the Disparity Between
Distribution of Arctic and Antarctic
Photoautotrophs?
Temperature alone cannot explain the striking absence of vascular
seed plants in the southern polar region nor can it explain
low diversity of other photoautotrophs relative to the Arctic.
Colonization of islands from continental land is, however,
limited by isolation, island size and island age (MacArthur
and Wilson, 1967; Whittaker et al., 2008). Antarctica not only
remains substantially isolated in contrast to the Arctic, but
temperatures suitable for substantial recolonisation by vascular
plants have likely only been available since the Holocene
warming (Figure 2) and so shorter time for plant colonization
is also a constraining factor. In non-polar environments spore-
dispersed photoautotrophs are as diverse on isolated islands
as they are on the continent in contrast to seed plants which
are considerably less diverse on islands (Patiño et al., 2014).
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FIGURE 6 | Microclimate dynamics for cryptogamic photoautotrophs. Biological soil crusts and endolithic colonization form extensive near-surface biological
covers in polar regions that define the critical zone of biological activity and the dry limit for photoautotrophic colonization on Earth (Pointing and Belnap, 2012). They
occur in regions where precipitation is insufficient to sustain higher plant life. Their source of moisture arises from the creation of a substrate-air thermal gradient that
supports dew/rime formation (Büdel et al., 2008; Büdel and Colesie, 2014). During periods of high sun angle (daytime) thawing of permafrost and soil water releases
water to the critical zone (A), when the sun is at a low angle (night) the thermal differential between substrate and air results in dew formation (B).
This implies that seed plant diversity on isolated land is
limited by dispersal, but cryptogam diversity is less constrained
by this mechanism. In the Antarctic, for example, it has
recently been demonstrated that the “cosmopolitan” moss Bryum
argenteum colonized the continent on at least three separate
occasions in the last 0.5 to 4 million years (Pisa et al.,
2014).
Major barriers against dispersal to Antarctica likely exist even
for cryptogams because prevailing air circulation patterns do not
result in long-distance direct bi-polar transfer of propagules and
there is a general absence of proximal non-polar refugia, such
as alpine and geothermal regions, available for stepping stone
dispersal (Fraser et al., 2014; Pointing et al., 2014). Of the 380
lichen species known from Antarctica some 50% are considered
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endemic (Ovstedal and Lewis Smith, 2001), while only 8–10%
of the 1750 Arctic lichen species are considered to be endemic
(Dahlberg and Bultmann, 2013). This is thought to be due to the
relative proximity of non-polar land to the Arctic.
Microbial photoautotrophs are assumed to display a more
cosmopolitan distribution due to allometric considerations and
a relative lack of barriers to airborne dispersal (Pearce et al.,
2009). For example the same cyanobacterial taxa as defined by
rRNA genes can be found in Arctic, Antarctic and alpine lakes
(Jungblut et al., 2010). Conversely some polar cyanobacteria
occupying highly cryptic habitats (e.g., hypolithic cyanobacteria)
have not experienced gene flow for extended time scales and these
may be considered phylogenetically endemic (Bahl et al., 2011).
Recently, combined molecular, ecological and morphological
studies have indicated far greater microbial endemism than
previously assumed (Vyverman et al., 2010). Whether this
corresponds to functionally distinct ecotypes is unresolved,
although the prevalence of such endemic taxa suggests that
isolation is perhaps limiting inAntarctica, not only for seed plants,
but also to some extent for unicellular photoautotrophs. This is
supported by a recent study of aerosolised microorganisms in
the McMurdo Dry Valleys of Antarctica, where the majority of
airborne taxa were found to be of local origin and with evidence
for environmental selection against non-polar taxa (Bottos et al.,
2014).
Barriers to dispersal may not be the only challenge facing
propagule dispersal to Antarctica. Spores may be arriving
regularly but the extreme environment severely filters those
that can survive because there is no climatic gradient available
in close proximity to Antarctica for gradual adaptive selection.
Additionally, in situ speciation of all taxa in Antarctica might
be limited due to slow rates of evolution and speciation
in cold and dry environments (Rohde, 1992; Goldie et al.,
2010; Gillman and Wright, 2014), a factor less obvious in the
Arctic due to lack of dispersal barriers. We therefore suggest
dispersal limitation, along with a lack of evolutionary time
with a suitable climate for speciation and possibly climate-
limited in situ rates of evolution might in combination
explain the disparity between Arctic-Antarctic photoautotroph
richness.
Threats and Conservation Priorities
Polar regions are the fastest warming on the planet (Overpeck
et al., 1997; Serreze et al., 2000; Turner et al., 2005; Bromwich
et al., 2013) and so their biota is critically at risk from climate
change. The “greening” of polar regions in response to climate
change is widely expected and has a high profile in public and
political arenas. Worryingly, the development of more productive
polar plant communities may actually reduce carbon reservoirs in
soils due to greater decomposition rates (Hill et al., 2011), thus
creating a positive feedback where carbon release leads to further
climate warming.
Predicted changes in Arctic vegetation are pressing concerns
for the Arctic Council, and a Red List of threatened Arctic
plants has been prepared, but to date this is limited to vascular
species (Gillespie et al., 2012). Plant biomass is increasing in some
Arctic locations (Tape et al., 2006; Walker et al., 2006; Hudson
and Henry, 2009), and invasive colonization by previously “non-
Arctic” species is likely with further warming (Hobbie, 1996).
In the Antarctic, and concurring with recent IPCC assessments,
the detailed and regionally focussed “Antarctic Climate Change
and the Environment” report (Turner et al., 2009) concluded that
climate change would result in new habitats for colonization by
both native and invading flora and fauna.Monitoring for invasives
in the Antarctic is, however, currently based on remarkably little
robust data, other than monitoring studies of the two indigenous
flowering plants from a single and small west Antarctic Peninsula
location in the Argentine Islands (Fowbert and Smith, 1994;
Parnikoza et al., 2009), and ongoing work on Signy Island in
the South Orkney Islands (P. Convey, personal communication).
Therefore no wide-scale data are yet available against which to
assess predictions. Peninsula and mainland Antarctic terrestrial
ecosystems currently have very few established non-native species
compared to the sub-Antarctic islands (Convey and Lebouvier,
2009; Hughes and Convey, 2012) or even compared to parts of
the High Arctic such as the Svalbard archipelago (Coulson et al.,
2014). A dilemma for scientists and policy makers is therefore
how to determine the native/non-native status and natural versus
anthropogenic dispersal mechanisms of a newly discovered polar
species, since treaty terms require different andmutually exclusive
management strategies depending on native/non-native status
(Hughes and Convey, 2010).
A critical knowledge gap occurs for non-vascular plants. The
Arctic Council’s biodiversity working group, the Conservation
of Arctic Flora and Fauna (CAFF), recently identified that the
lichens and bryophytes of the high Arctic may be especially
prone to future change (Christensen et al., 2013). Furthermore,
sub-Antarctic lichens have been identified as capable of invasive
colonization in a warming Antarctic continent (Sancho et al.,
2007). The metabolic plasticity and capacity for rapid growth
among free living cyanobacteria and chlorophytes suggests
rapid responses in microbial photoautotrophic biomass and
productivity, along with extinction threats to endemic taxa,
should also be considered in future change scenarios for the high
polar biome.
Concluding Remarks
This is the first comprehensive review of biogeography for all
the major photoautotrophic phyla (vascular and non-vascular
plants plus microbial photoautotrophs) in the high polar biome
beyond the treeline. We highlight the dominance of non-
vascular plants and microbial photoautotrophs in many high
latitude regions. Microclimate emerges as the major driver of
transitions between photoautotrophic phyla, whereas life cycle
and stature in higher plants and poikilohydry in non-vascular
plants are the key biotic traits that govern organismal response.
We highlight that although vascular plants are considered in
polar conservation frameworks, there are gaps with regard
to recognizing the ecological importance of cryptogams and
photoautotrophic microorganisms, and identifying appropriate
responses to the threat from invasive species in a warming
world.
Frontiers in Plant Science | www.frontiersin.org September 2015 | Volume 6 | Article 6929
Pointing et al. Biogeography of photoautotrophs in the high polar biome
References
Abbott, R., and Brochmann, C. (2003). History and evolution of the Arctic flora:
in the footsteps of Eric Hulten. Mol. Ecol. 12, 299–313. doi: 10.1046/j.1365-
294X.2003.01731.x
Aleksandrova, V. D. (1988). Vegetation of the Soviet Polar Deserts. Cambridge:
Cambridge University Press.
Bahl, J., Lau, M. C., Smith, G. J., Vijaykrishna, D., Cary, S. C., Lacap, D. C., et al.
(2011). Ancient origins determine global biogeography of hot and cold desert
cyanobacteria. Nat. Commun. 2, 163. doi: 10.1038/ncomms1167
Ballantyne, A., Greenwood, D., Sinninghe Damste, J., Csank, A., Eberle,
J., and Rybczynski, N. (2010). Arctic surface temperatures during the
Pliocene indicated by multiple independent proxies. Geology 38, 603–606. doi:
10.1130/G30815.1
Bay, C. (1992). A phytogeographical study of the vascular plants of northern
Greenland. Bioscience 36, 1–120.
Belnap, J., Büdel, B., and Lange, O. L. (2003). “Biological soil crusts: characteristics
and distribution,” inBiological Soil Crusts: Structure, Function, andManagement,
eds J. Belnap and O. L. Lange (Berlin: Springer-Verlag), 3–30. doi: 10.1007/978-
3-642-56475-8
Billi, D., and Potts, M. (2002). Life and death of dried prokaryotes. Res. Microbiol.
153, 7–12. doi: 10.1016/S0923-2508(01)01279-7
Bollard-Breen, B., Brooks, J. D., Jones, M. R. L., Robertson, J., Betschart, S., Kung,
O., et al. (2014). Application of an unmanned aerial vehicle in spatial mapping
of terrestrial biology and human disturbance in the McMurdo Dry Valleys, East
Antarctica. Polar Biol. 38, 573–578. doi: 10.1007/s00300-014-1586-7
Bonilla, S., Villeneuve, V., and Vincent, W. (2005). Benthic and planktonic
algal communities in a high Arctic lake: pigment structure and contrasting
responses to nutrient enrichment. J. Phycol. 41, 1120–1130. doi: 10.1111/j.1529-
8817.2005.00154.x
Bottos, E. M., Woo, A. C., Zawar-Reza, P., Pointing, S. B., and Cary, S. C.
(2014). Airborne bacterial populations above desert soils of the McMurdo
Dry Valleys, Antarctica. Microb. Ecol. 67, 120–128. doi: 10.1007/s00248-013-
0296-y
Brigham-Grette, J., Melles, M., Minyuk, P., Andreev, A., Tarasov, P., DeConto,
R., et al. (2013). Pliocene warmth, Polar amplification, and stepped
Pleistocene cooling record in NE Arctic Russia. Science 340, 1421–1427.
doi: 10.1126/science.1233137
Bromwich, D., Nicolas, J., Monaghan, A., Lazzara, M., Keller, L., Weidner, G., et
al. (2013). Central west Antarctica among the most rapidly warming regions on
Earth. Nat. Geosci. 6, 139–145. doi: 10.1038/ngeo1671
Büdel, B., Bendix, J., Bicker, F. R., and Allan Green, T. G. (2008). Dewfall as a
water source frequently activates the endolithic cyanobacterial communities
in the granites of Taylor Valley, Antarctica. J. Phycol. 44, 1415–1424. doi:
10.1111/j.1529-8817.2008.00608.x
Büdel, B., and Colesie, C. (2014). “Biological soil crusts,” in Antarctic Terrestrial
Microbiology, ed. Cowan, D. A. (Berlin: Springer-Verlag), 131–161. doi:
10.1007/978-3-642-45213-0_8
Büdel, B., Karsten, U., and Garcia-Pichel, F. (1997). Ultraviolet-absorbing
scytonemin and mycosporine-like amino acid derivatives in exposed,
rock-inhabiting cyanobacterial lichens. Oecologia 112, 165–172. doi:
10.1007/s004420050296
Cantrill, D., and Poole, I. (2012). The Vegetation of Antarctic a Through
Geological Time. Cambridge: Cambridge University Press. doi:
10.1017/CBO9781139024990
Chan, Y., Lacap, D. C., Lau, M. C. Y., Ha, K. Y., Warren-Rhodes, K. A., Cockell,
C. S., et al. (2012). Hypolithic microbial communities: between a rock and a
hard place. Environ. Microbiol. 14, 2272–2282. doi: 10.1111/j.1462-2920.2012.
02821.x
Chan, Y., Van Nostrand, J. D., Zhou, J., Pointing, S. B., and Farrell, R. L. (2013).
Functional ecology of an Antarctic dry valley. Proc. Natl. Acad. Sci. U.S.A. 110,
8990–8995. doi: 10.1073/pnas.1300643110
Charron, A. J., and Quatrano, R. S. (2009). Between a rock and a dry place: the
water-stressed moss.Mol. Plant 2, 478–486. doi: 10.1093/mp/ssp018
Christensen, T., Payne, M., Doyle, G., Ibarguchi, J., Taylor, N., Schmidt, M., et al.
(2013). The Arctic Terrestrial Biodiversity Monitoring Plan, CAFF Monitoring
Series Report Nr. 7. Akureyri, Iceland: CAFF International Secretariat.
Cockell, C. S., and Stokes,M.D. (2004).Widespread colonization by polar hypoliths.
Nature 431, 414. doi: 10.1038/431414a
Colesie, C., Allan Green, T. G., Haferkamp, I., and Büdel, B. (2014). Habitat stress
initiates changes in composition, CO2 gas exchange andC-allocation as life traits
in biological soil crusts. ISME J. 8, 2104–2115. doi: 10.1038/ismej.2014.47
Convey, P. (1996). The influence of environmental characteristics on life
history attributes of Antarctic terrestrial biota. Biol. Rev. 71, 191–225. doi:
10.1111/j.1469-185X.1996.tb00747.x
Convey, P., Hopkins, D. W., Roberts, S. J., and Taylor, A. N. (2011). Global southern
limit of flowering plants and moss peat accumulation. Polar Res. 30, 8929. doi:
10.3402/polar.v30i0.8929
Convey, P., and Lebouvier, M. (2009). Environmental change and human impacts
on terrestrial ecosystems of the sub-Antarctic islands between their discovery
and the mid-twentieth century. Pap. Proc. R. Soc. Tasmania 143, 33–44.
Coulson, S., Convey, P., Aakra, K., Aarvik, L., Avila-Jimenez, M., Babenko, B.,
et al. (2014). The terrestrial and freshwater invertebrate biodiversity of the
archipelagoes of the Barents Sea: svalbard, Franz Josef Land andNovaya Zemlya.
Soil Biol. Biochem. 68, 440–470. doi: 10.1016/j.soilbio.2013.10.006
Cox, M. M., and Battista, J. R. (2005). Deinococcus radiodurans—the consummate
survivor. Nat. Rev. Microbiol. 3, 882–892. doi: 10.1038/nrmicro1264
Dahlberg, A., and Bultmann, H. (2013). “Fungi,” in Arctic biodiversity assessment,
status and trends inArctic biodiversity, (Iceland: CAFF International Secretariat,
Arctic Council), 354–371.
Daniels, F., Gillespie, L., and Poulin,M. (2013). “Arctic biodiversity assessment, Ch9
plants,” inArctic Biodiversity Assessment, status and trends in Arctic biodiversity,
(Iceland: CAFF International Secretariat, Arctic Council), 311–353.
De La Torre, J. R., Goebel, B. M., Friedmann, E. I., and Pace, N. R. (2003).
Microbial diversity of cryptoendolithic communities from the McMurdo
Dry Valleys, Antarctica. Appl. Environ. Microbiol. 69, 3858–3867. doi:
10.1128/AEM.69.7.3858-3867.2003
Eberle, J., andGreenwood,D. (2012). At the top of the greenhouse Eoceneworld—A
review of the Eocene flora and vertebrate fauna of Canada’s High Arctic.
Geophys. Soc. Am. Bull. 124, 3–23. doi: 10.1130/B30571.1
Eldrett, J., Greenwood, D., Harding, I., and Huber, M. (2009). Increased seasonality
through the Eocene to Oligocene transition in northern high latitudes. Nature
459, 969–973. doi: 10.1038/nature08069
Falcon-Lang, H., MacRae, R., and Csank, A. (2004). Palaeoecology of late
Cretaceous polar vegetation preserved in the Hansen Point volcanics, NW
Ellesmere Island, Canada. Paleogeogr. Paleoclimatol. Paleoecol. 212, 45–64. doi:
10.1016/j.palaeo.2004.05.016
Fowbert, J., and Smith, R. (1994). Rapid population increases in native vascular
plants in the Argentine Islands, Antarctic peninsula. Arct. Alp. Res. 26, 290–296.
doi: 10.2307/1551941
Francis, J. (2013). Paleobiology and Paleoenvironments of Eocene Rocks: McMurdo
Sound, Antarctica. Washington DC: American Geophysical Union.
Fraser, C. I., Terauds, A., Smellie, J., Convey, P., and Chown, S. L. (2014).
Geothermal activity helps life survive glacial cycles. Proc. Natl. Acad. Sci. U.S.A.
111, 5634–5639. doi: 10.1073/pnas.1321437111
Friedmann, E. I. (1982). Endolithic microorganisms in the antarctic cold desert.
Science 215, 1045–1053. doi: 10.1126/science.215.4536.1045
Fujii, M., Takano, Y., Kojima, H., Hoshino, T., Tanaka, R., and Fukui, M. (2010).
Microbial community structure, pigment composition, and nitrogen source of
red snow in Antarctica. Microb. Ecol. 59, 466–475. doi: 10.1007/s00248-009-
9594-9
Gillespie, L., Aronsson, M., Bond, S., Vare, H., and Westergaard, K. (2012).
“Monitoring of red listed species in the arctic,” CAFF Proceeding Series Number
8. Iceland: CAFF International Secretariat, Arctic Council.
Gillman, L. N., and Wright, S. D. (2014). Species richness and evolutionary speed:
the influence of temperature, water and area. J. Biogeogr. 41, 39–51. doi:
10.1111/jbi.12173
Gillman, L. N., Wright, S. D., Cusens, J., McBride, P. D., Malhi, Y., and Whittaker,
R. J. (2015). Latitude, productivity and species richness. Glob. Ecol. Biogeogr. 24,
107–117. doi: 10.1111/geb.12245
Gillman, L., and Wright, S. (2010). Mega mistakes in meta-analyses: devil in the
detail. Ecology 91, 2550–2552. doi: 10.1890/09-0339.1
Gillman, L., Wright, S. D., Cusens, J., McBrdie, P. D., Malhi, Y., and Whittaker, R.
J. (2014). Latitude, productivity and species richness. Glob. Ecol. Biogeogr. 24,
107–117. doi: 10.1111/geb.12245
Goldie, X., Gillman, L. N., Crisp, M., and Wright, S. (2010). Evolutionary speed
limited by water in arid Australia. Proc. Royal Soc. B: Biol. Sci. 277, 2645–2653.
doi: 10.1098/rspb.2010.0439
Frontiers in Plant Science | www.frontiersin.org September 2015 | Volume 6 | Article 69210
Pointing et al. Biogeography of photoautotrophs in the high polar biome
Green, T., and Lange, O. (1995). “Photosynthesis in poikilohydric plants: a
comparison of lichens and bryophytes,” in Ecophysiology of Photosynthesis, eds
E. Schulze and M. M. Caldwell (Berlin: Springer Verlag), 319–341.
Green, T., Sancho, L., and Pintado, A. (2011). “Ecophysiology of
dessication/rehydration cycles in mosses and lichens,” in Plant Dessication
Tolerance, eds U. Luttge, E. Beck, and D. Barthels (Berlin: Springer), 89–116.
Harrington, G., Eberle, J., Le-Page, B., Dawson, M., and Hutchison, J. (2012). Arctic
plant diversity in the early Eocene greenhouse. Proc. R. Soc. B Biol. Sci. 279,
1515–1521. doi: 10.1098/rspb.2011.1704
Hay, W., and Floegel, S. (2012). New thoughts about the Cretaceous climate and
oceans. Earth Sci. Rev. 115, 262–272. doi: 10.1016/j.earscirev.2012.09.008
Herman, A., Moiseeva, M., Spicer, R., and Ahlberg, A. (2004). Paleocene floras
of northeastern Russia and north Alaska and floral changes at the Cretaceous-
Paleogene boundary. Stratigr. Geol. Correl. 12, 485–494.
Herman, A., and Spicer, R. (2010).Mid-Cretaceous floras and climate of the Russian
high Arctic (Novosibirsk Islands, Northern Yakutiya). Paleogeogr. Paleoclimatol.
Paleoecol. 295, 409–422. doi: 10.1016/j.palaeo.2010.02.034
Hill, P. W., Farrar, J., Roberts, P., Farrell, M., Grant, H., Newsham, K. K., et al.
(2011). Vascular plant success in a warming Antarctic may be due to efficient
nitrogen acquisition. Nat. Clim. Chang. 1, 50–53. doi: 10.1038/nclimate1060
Hobbie, S. (1996). Temperature and plant species control over litter decomposition
in Alaskan tundra. Ecol. Monogr. 66, 503–522. doi: 10.2307/2963492
Huber, B. (1998). Tropical paradise at the Cretaceous poles? Science 282, 2199–2200.
doi: 10.1126/science.282.5397.2199
Huber, B., Norris, R., and MacLeod, K. (2002). Deep-sea paleotemperature record
of extreme warmth during Cretaceous. Geology 30, 123–126.
Hudson, J., and Henry, G. (2009). Increased plant biomass in a high Arctic
heathland community from 1981 to 2008. Ecology 90, 2657–2663. doi:
10.1890/09-0102.1
Hugelius, G., Strauss, J., Zubrzycki, S., Harden, J.W., Schur, E. A. G., Ping, C. L., et al.
(2014). Improved estimates show large circumpolar stocks of permafrost carbon
while quantifying substantial uncertainty ranges and identifying remaining data
gaps. Biogeosci. Dis. 11, 4771–4882. doi: 10.5194/bgd-11-4771-2014
Hughes, K., and Convey, P. (2010). The protection of Antarctic terrestrial
ecosystems from inter and intra-continental transfer of non-indigenous
species by human activities: a review of current systems and practices. Glob.
Environ. Chang. Hum. Policy Dimens. 20, 96–112. doi: 10.1016/j.gloenvcha.2009.
09.005
Hughes, K., and Convey, P. (2012). Determining the native/non-native status of
newly discovered terrestrial and freshwater species in Antarctica. J. Environ.
Manage. 93, 52–66. doi: 10.1016/j.jenvman.2011.08.017
Jungblut, A., Lovejoy, C., and Vincent, W. (2010). Global distribution of
cyanobacterial ecotypes in the cold biosphere. ISME J. 4, 191–202. doi:
10.1038/ismej.2009.113
Kappen, L. (1989). Field measurements of carbon dioxide exchange of the Antarctic
lichenUsnea sphacelata.Antarct. Sci. 1, 31–34. doi: 10.1017/S0954102089000064
Kappen, L., and Friedmann, E. I. (1983). Ecophysiology of lichens in the dry
valleys of Southern Victoria Land, Antarctica. Polar Biol. 1, 227–232. doi:
10.1007/BF00443193
Knowles, E. J., and Castenholz, R. W. (2008). Effect of exogenous extracellular
polysaccharides on the desiccation and freezing tolerance of rock-inhabiting
phototrophic microorganisms. FEMS Microbiol. Ecol. 66, 261–270. doi:
10.1111/j.1574-6941.2008.00568.x
Körner, C. (2003a). Alpine Plant Life. Berlin: Springer. doi: 10.1007/978-3-642-
18970-8
Körner, C. (2003b). Tansley Lecture: carbon limitation in trees. J. Ecol. 91, 4–17. doi:
10.1046/j.1365-2745.2003.00742.x
Körner, C. (2008). Winter crop growth at low temperature may hold the
answer for Alpine treeline formation. Plant Ecol. Divers. 1, 3–11. doi:
10.1080/17550870802273411
Körner, C. (2011). Coldest places on earth with angiosperm plant life. Alp. Bot. 121,
11–22. doi: 10.1007/s00035-011-0089-1
Körner, C. (2012a). Alpine Treelines. Basel: Springer. doi: 10.1007/978-3-0348-
0396-0
Körner, C. (2012b).Alpine Treelines: Functional Ecology of the Global High Elevation
Tree Limits. 1st Edn. Basel: Springer. doi: 10.1007/978-3-0348-0396-0
Körner, C. (2012c). Treelines will be understood once the functional difference
between a tree and a shrub is. Ambio 41, 197–206. doi: 10.1007/s13280-012-
0313-2
Körner, C., and Hoch, G. (2006). A test of treeline theory on a montane
permafrost island. Antarct. Alp. Res. 38, 113–119. doi: 10.1657/1523-0430(2006)
038[0113:ATOTTO]2.0.CO;2
Kranner, I., Beckett, R., Hochman, A., and Thomas, H. (2008). Desiccation-
tolerance in lichens: a review. Bryologist 111, 576–593. doi: 10.1639/0007-2745-
111.4.576
Lange, O., and Kappen, L. (2013). Photosynthesis of lichens from Antarctica.
Antarct. Res. Ser. Antarct. Terr. Biol. 20, 83–95.
Larcher, W. (2012). “Bioclimatic temperatures in the high Alps,” in Plants in
Alpine Regions, ed. Lutz, C. (Wien: Springer), 21–27. doi: 10.1007/978-3-7091-
0136-0_3
Lenz, A., Hoch, G., and Körner, C. (2013). Early season temperature controls
cambial activity and total tree ringwidth at theAlpine treeline.Plant Ecol. Divers.
6, 365–375. doi: 10.1080/17550874.2012.711864
Leuzinger, S., and Körner, C. (2007). Tree species diversity affects canopy
leaf temperatures in temperate forest. Agric. For. Meteorol. 146, 29–37. doi:
10.1016/j.agrformet.2007.05.007
Leuzinger, S., Manusch, C., Bugmann, H., and Wolf, A. (2013). A sink-limited
growth model improves biomass estimation along boreal and alpine treelines.
Glob. Ecol. Biogeogr. 22, 924–932. doi: 10.1111/geb.12047
MacArthur, R. H., andWilson, E. O. (1967). The Theory of Island Biogeography. Vol.
1. Princeton: Princeton University Press.
Marsh, W., and Kaufman, M. (2012). Physical geography: great systems and global
environments. Cambridge: Cambridge University Press.
McKay, C. P., and Friedmann, E. I. (1985). The cryptoendolithic microbial
environment in theAntarctic cold desert: temperature variations in nature. Polar
Biol. 4, 19–25. doi: 10.1007/BF00286813
Moorhead, D. L., Doran, P. T., Fountain, A. G., Lyons, W. B., Mcknight, D. M.,
Priscu, J. C., et al. (1999). Ecological legacies: impacts on ecosystems of the
McMurdo Dry Valleys. Bioscience 49, 1009–1019. doi: 10.2307/1313734
Moran, K., Backman, J., Brinkhuis, H., Clemens, S., Cronin, T., Dickens, G. R., et
al. (2006). The Cenozoic paleoenvironment of the Arctic Ocean. Nature 441,
601–605. doi: 10.1038/nature04800
Muller, T., Leya, T., and Fuhr, G. (2001). Persistent snow algae fields in Spitzbergen.
Arctic, Antarct. Alp. Res. 33, 42–51. doi: 10.2307/1552276
NSIDC. (2014). National Snow and Ice Data Centre: Arctic Climatology and
Meteorology. Available at: nsidc.org/arcticmet (accessed 25 May, 2015)
Ochyra, R., Lewis Smith, R., and Bednarek-Ochyra, H. (2008). The Illustrated Moss
Flora of Antarctica. Cambridge: Cambridge University Press.
Oehl, F., and Körner, C. (2014). Multiple mycorrhization at the coldest place known
for angiosperm plant life. Alp. Bot. 124, 193–198. doi: 10.1007/s00035-014-
0138-7
Overpeck, J., Hughen, K., Hardy, D., Bradley, R., Case, R., Douglas, M., et al. (1997).
Arctic environmental change of the last four centuries. Science 278, 1251–1256.
doi: 10.1126/science.278.5341.1251
Ovstedal, D., and Lewis Smith, R. (2001). Lichens of Antarctica and South Georgia. A
Guide to Their Identification and Ecology. Studies in Polar Research. Cambridge:
Cambridge University Press.
Pannewitz, S., Schlensog, M., Green, T., Sancho, L., and Schroeter, B. (2003). Are
lichens active under snow in continental Antarctica? Oecologia 135, 30–38. doi:
10.1007/s00442-002-1162-7
Parnikoza, A., Convey, P., Dykyy, I., Trokhymets, V., Milinevsky, G., Tyschenko,
O. et al. (2009). Current status of the Antarctic herb tundra formation in the
central Argentine Islands.Glob. Chang. Biol. 15, 1685–1693. doi: 10.1111/j.1365-
2486.2009.01906.x
Patiño, J., Sólymos, P., Carine, M., Weigelt, P., Kreft, H., and Vanderpoorten, A.
(2014). Island floras are not necessarilymore species poor than continental ones.
J. Biogeogr. 42, 8–10. doi: 10.1111/jbi.12422
Paulsen, J., and Körner, C. (2014). A climate-based model to predict potential
treeline position around the globe.Alp. Bot. 124, 1–12. doi: 10.1007/s00035-014-
0124-0
Pearce, D. A., Bridge, P. D., Hughes, K. A., Sattler, B., Psenner, R., and Rusell, N.
J. (2009). Microorganisms in the atmosphere over Antarctica. FEMS Microbiol.
Ecol. 69, 143–157. doi: 10.1111/j.1574-6941.2009.00706.x
Peel, M. C., and Finlayson, B. L. (2007). Updated world map of the Köppen-Geiger
climate classification. Hydrol. Earth Syst. Sci. 11, 1633–1644. doi: 10.5194/hess-
11-1633-2007
Pisa, S., Biersman, F., Convey, P., Patino, J., Vanderpoorten, A., Werner, O., et
al. (2014). The cosmopolitan moss Bryum argenteum in Antarctica: recent
Frontiers in Plant Science | www.frontiersin.org September 2015 | Volume 6 | Article 69211
Pointing et al. Biogeography of photoautotrophs in the high polar biome
colonisation or in situ survival? Polar Biol. 37, 1469–1477. doi: 10.1007/s00300-
014-1537-3
Pointing, S. B., and Belnap, J. (2012).Microbial colonization and controls in dryland
systems. Nat. Rev. Microbiol. 10, 551–562. doi: 10.1038/nrmicro2831
Pointing, S. B., Bollard-Breen, B., and Gillman, L. N. (2014). Diverse cryptic refuges
for life during glaciation. Proc. Natl. Acad. Sci. U.S.A. 111, 5452–5453. doi:
10.1073/pnas.1403594111
Pointing, S. B., Chan, Y., Lacap, D. C., Lau, M. C. Y., Jurgens, J. A., and Farrell, R. L.
(2009). Highly specialized microbial diversity in hyper-arid polar desert. Proc.
Natl. Acad. Sci. U.S.A. 106, 19964–19969. doi: 10.1073/pnas.0908274106
Post, A. (1990). Photoprotective pigment as an adaptive strategy in the antarctic
moss Ceratodon purpureus. Polar Biol. 10, 241–245. doi: 10.1007/BF00238420
Potts, M. (1994). Desiccation tolerance of prokaryotes.Microbiol. Mol. Biol. Rev. 58,
755–805.
Potts, M. (1999). Mechanisms of desiccation tolerance in cyanobacteria. Eur. J.
Phycol. 34, 319–328. doi: 10.1080/09670269910001736382
Pound, M., Haywood, A., Salzmann, U., and Riding, J. (2012). Global vegetation
dynamics and latitudinal temperature gradients during middle to late Miocene.
Earth Sci. Rev. 112, 1–22. doi: 10.1016/j.earscirev.2012.02.005
Rohde, K. (1992). Latitudinal gradients in species diversity: the search for the
primary cause. Oikos 65, 514–527. doi: 10.2307/3545569
Sancho, L., Green, T., and Pintado, A. (2007). Slowest to fastest: extreme range
in lichen growth rates supports their use as an indicator of climate change in
Antarctica. Flora 202, 667–673. doi: 10.1016/j.flora.2007.05.005
Scherrer, D., and Körner, C. (2009). Infra-red thermometry of Alpine landscapes
challenges climatic warming projections. Glob. Chang. Biol. 16, 2602–2613. doi:
10.1111/j.1365-2486.2009.02122.x
Schroeter, B., Green, T., Kappen, L., and Seppelt, R. (1994). Carbon dioxide
exchange at subzero temperatures: field measurements on Umbilicaria aprina
in Antarctica. Cryptogam. Bot. 4, 233–241.
Seppelt, R., and Green, T. (1998). A bryophyte flora for Southern Victoria Land,
Antarctica. New Zeal. J. Bot. 36, 617–635. doi: 10.1080/0028825X.1998.9512599
Serreze, M. C., Walsh, J. E., Chapin, F. S. III, Osterkamp, T., Dyurgerov, M.,
Romanovsky, V., et al. (2000). Observational evidence of recent change in
the northern high-latitude environment. Clim. Change 46, 159–207. doi:
10.1023/A:1005504031923
Spicer, R., and Herman, A. (2010). The late Cretaceous environment of the Arctic:
a quantitative reassessment based on plant fossils. Paleogeogr. Paleoclimatol.
Paleoecol. 295, 423–442. doi: 10.1016/j.palaeo.2010.02.025
Tang, E., and Vincent, W. F. (1999). Strategies of thermal adaptation by
high latitude cyanobacteria. New Phytol. 142, 315–323. doi: 10.1046/j.1469-
8137.1999.00385.x
Tape, K., Sturm, M., and Racine, C. (2006). The evidence for shrub expansion
in Northern Alaska and the Pan-Arctic. Glob. Chang. Biol. 12, 686–702. doi:
10.1111/j.1365-2486.2006.01128.x
Taton, A., Grubisic, S., Balthasart, P., Hodgson, D. A., Laybourn-Parry, J., and
Wilmotte, A. (2006). Biogeographical distribution and ecological ranges of
benthic cyanobacteria in East Antarctic lakes. FEMS Microbiol. Ecol. 57,
272–289. doi: 10.1111/j.1574-6941.2006.00110.x
Truswell, E., and Macphail, M. (2009). Polar forests on the edge of extinction: what
does the fossil spore and pollen evidence from East Antarctica say? Aust. Syst.
Bot. 22, 57–106. doi: 10.1071/SB08046
Turner, J., Barrand, N. E., Bracegirdle, T. J., Convey, P., Hodgson, D. A., Jarvis, M.,
et al. (2013). Antarctic climate change and the environment: an update. Polar
Rec. (Gr. Brit). 50, 1–23.
Turner, J., Indschadler, R., Convey, P., Di Prisco, G., Fahrbach, E., Gutt, J., et al.
(2009). Antarctic Climate Change and the Environment. Cambridge: Scientific
Committee on Antarctic Research.
Turner, J., Colwell, S. R., Marshall, G. J., Lachlan-Cope, T. A., Carleton, A.M., Jones,
P. D., et al. (2005). Antarctic climate change during the last 50 years. J. Clim. 25,
279–294. doi: 10.1002/joc.1130
Uchida, M., Muraoka, H., Nakatsubo, T., Bekku, Y., Ueno, T., Kanada, H., et al.
(2002). Net photosynthesis, respiration, and production of the moss Sanionia
uncinata on a glacier foreland in the high Arctic, Ny-Alesund, Svalbard.Antarct.
Alp. Res. 34, 287–292. doi: 10.2307/1552486
UNEP. (2010). Global environmental outlook 3. CBD Technical Secretariat of the
Convention on Biodiversity.
Vincent, W. F. (2000). “Cyanobacterial dominance in the polar regions,” in The
Ecology of Cyanobacteria, eds B. A. Whitton and M. Potts (Dordrecht: Kluwer
Academic Publishers), 321–340.
Vincent, W. F., Callaghan, T. V., Dahl-Jensen, D., Johansson, M., Kovacs,
K. M., Michel, C., et al. (2011). Ecological implications of changes
in the Arctic cryosphere. Ambio 40, 87–99. doi: 10.1007/s13280-011-
0218-5
Vincent, W. F., Downes, M. T., Castenholz, R. W., and Howard-Williams, C.
(1993). Community structure and pigment organisation of cyanobacteria-
dominated microbial mats in Antarctica. Eur. J. Phycol. 28, 213–221. doi:
10.1080/09670269300650321
Vyverman, W., Verleyen, E., Wilmotte, A., Hodgson, D. A., Willems, A., Peeters,
K., et al. (2010). Evidence for widespread endemism among Antarctic micro-
organisms. Polar Sci. 4, 103–113. doi: 10.1016/j.polar.2010.03.006
Walker, D., Bloggs, F., Bloggs, F., Bloggs, F., Bloggs, F., and Bloggs, F. (2005). The
circumpolar Arctic vegetation map. J. Veg. Sci. 16, 267–282. doi: 10.1111/j.1654-
1103.2005.tb02365.x
Walker, M., Wahren, C., Hollister, R., and Al, E. (2006). Plant community response
to experimental warming across the tundra biome. Proc. Natl. Acad. Sci. U.S.A.
103, 1342–1346. doi: 10.1073/pnas.0503198103
Wasley, J., Robinson, S. A., Lovelock, C. E., and Popp, M. (2006). Some like
it wet—biological characteristics underpinning tolerance of extreme water
stress events in Antarctic bryophytes. Funct. Plant Biol. 33, 443–455. doi:
10.1071/FP05306
Whittaker, R. J., Triantis, K. A., and Ladle, R. J. (2008). A general dynamic theory
of oceanic island biogeography. J. Biogeogr. 35, 977–994. doi: 10.1111/j.1365-
2699.2008.01892.x
Wierzchos, J., de los Rios, A., and Ascaso, C. (2012). Microorganisms in desert
rocks: the edge of life on Earth. Int.Microbiol. 15, 173–183. doi: 10.2436/20.1501.
01.170
Willerslev, E., Davison, J., Moora, M., Zobel, M., Coissac, E., Edwards, M., et al.
(2014). Fifty thousand years of Arctic vegetation and megafaunal diet. Nature
506, 47–51. doi: 10.1038/nature12921
Williams, C., LePage, B., Johnson, A., and Vann, D. (2009). Structure, biomass and
productivity of a late Paleocene Arctic forest. Proc. Acad. Nat. Sci. Philadelphia
158, 107–127. doi: 10.1635/053.158.0106
Wood, S. A., Rueckert, A., Cowan, D. A., and Cary, S. C. (2008). Sources of edaphic
cyanobacterial diversity in the Dry Valleys of Eastern Antarctica. ISME J. 2,
308–320. doi: 10.1038/ismej.2007.104
Xiong, F. S., Ruhland, C. T., and Day, T. A. (1999). Photosynthetic temperature
response of the Antarctic vascular plantsColobanthus quitensis andDeschampsia
antarctica. Physiol. Plant. 106, 276–286. doi: 10.1034/j.1399-3054.1999.
106304.x
Yung, C. C. M., Chan, Y., Lacap, D. C., Pérez-Ortega, S., de Los Rios-Murillo, A.,
Lee, C. K., et al. (2014). Characterization of chasmoendolithic community in
Miers Valley, McMurdo Dry Valleys, Antarctica.Microb. Ecol. 68, 351–359. doi:
10.1007/s00248-014-0412-7
Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K. (2001). Rhythms
and aberrations in global climate 65 Ma to present. Science 292, 686–693. doi:
10.1126/science.1059412
Conflict of Interest Statement: The Review Editor Jayne Belnap declares that,
despite having collaborated with the authors Steve Brian Pointing and Burkhard
Buedel, the review process was handled objectively. The authors declare that the
research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.
Copyright © 2015 Pointing, Büdel, Convey, Gillman, Körner, Leuzinger and Vincent.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org September 2015 | Volume 6 | Article 69212
